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Introduction

An Archean craton is exposed in western America mainly in anticlinal or 
fault-block mountain ranges that are surrounded and covered by predominant 
Phanerozoic rocks (Reed, 1987). Exposures are generally excellent within 
these ranges. This paper describes the Archean and Proterozoic mafic and 
ultramafic intrusive rocks in this dominantly Archean terrane. Mafic and 
ultramafic intrusive rocks are common, forming a few batholiths, many swarms 
of dikes that constitute <1->20 percent of the exposures, and widespread 
lenses, boudins, and irregular pods in gneisses. A little additional 
information comes from boreholes through the Phanerozoic cover (Peterman, 
1971; Peterman and Futa, 1987; Tweto, 1987, pi. 1) and from xenoliths of 
gabbro, anorthosite, mafic amphibolite, and peridotite in Laramide intrusives 
(Brozdowski, 1985; Brozdowski and others, 1982; DudSs and Eggler, 1986; 
Eggler, 1987; Hearn and McGee, 1987).

In the surface exposures the mafic intrusives have been studied as the 
potential mineralogical or chemical samples of mantle, or of magmatic or 
metamorphic history that they represent, for the geometric and chemical clues 
to the tectonic regimes in which they were emplaced, and for the direct and 
indirect time constraints they impose or that are imposed upon them. Direct 
time constraints come from internal igneous radiometric ages of varying 
interpretation (some K-Ar and Rb-Sr ages seem to reflect younger chemical or 
metamorphic events by comparison with other Rb-Sr, or Sm-Nd and U-Pb ages). 
Indirect time constraints come from knowledge about the rocks or the 
structures the intrusives cut, or from younger sedimentary, metamorphic, or 
igneous events with a known time relation to the body in question. There is



also the psychological milieu of the environment in which geochronological 
data are derived. Some authors perceive tightly time-constrained "events" 
while others tend to emphasize the time-continuum of the data. Criteria are 
derived only with great difficulty about how many mafic intrusive events are 
interspersed with how many metamorphic events, but each conscientious effort 
adds another building block to the structure of understanding. For useful 
reviews of Precambrian events compare Wooden (1975), Mueller (1979), James and 
Hedge (1980), Mueller and others (1982), and Harrison and Peterman (1984, pi.
1).

Rocks that penetrate Proterozoic rocks overlying Archean basement have a 
younger geologic time constraint than those that penetrate Archean alone; they 
will be described first in this report.

Geographic and temporal distribution

Mafic intrusives mainly younger than Proterozoic supracrustals 

Belt basin

Mafic intrusives are extensive in the 15,000 stratigraphic m of mildly 
metamorphosed rocks of the Middle Proterozoic (900-1450 Ma: Obradovich and 
others, 1984) Belt basin that were deposited at least partly on an Archean 
basement (Fig. 1). Called the Purcell sills in the U.S. and the Moyie sills 
in Canada and generally described as diabase, diorite, gabbro, metadiorite, 
and metagabbro, the rocks occur as sills and subordinate dikes (H^y and 
Diakow, 1982; Mudge and others, 1982). Single sill thicknesses are usually 
described as 1-500 m (Harrison and others, 1985; Cressman, 1985; Cressman and 
Harrison, 1986; Harrison and others, 1986) and may reach 700 m (Bishop, 
1973). The sills are concentrated in the lower part of the Belt section, the 
Prichard Formation of the U.S. or its Canadian equivalent, the Aldridge 
Formation, and generally occur at one to eight stratigraphic levels (Harrison, 
1972; Harrison, in. Hobbs, 1973; Cressman, 1985; Cressman and Harrison, 1986) 
but may be present at as many as 14 horizons in a single borehole (Harrison 
and others, 1985). Generally forming 6 percent of Aldridge measured sections 
(H^y, 1985) or 9 percent of lower Prichard map area (Harrison and others, 
1986), the sills may increase in volume locally to expand the Prichard section 
30 or 35 percent (Bishop, 1973; Harrison and others, 1985). "  the large 
volume of mafic rocks in the Purcell and Moyie sills of the Belt basin clearly 
indicate crustal fractures capable of tapping a mantle source" (Evans, 1986).

Although most of the sills and dikes are lithologically indistinguishable 
from one another, three periods of intrusion, about 1430, 1100(7), and 800 Ma 
(Hunt, 1962; Obradovich and Peterman, 1968; Zartman and others, 1982; Marvin 
and others, 1984; Harrison and others, 1986) (about 840 Ma locally: M.W. 
Reynolds, 3/28/88 written communication) have been recognized, and modern 
summary maps show two ages of intrusives (Cressman and Harrison, 1983; 
Harrison and others, 1986; Wallace and others, 1987). Most intrusive rocks 
are extensively altered: the former clinopyroxenes are nearly completely 
replaced by amphiboles, most plagioclases are clouded, and most magnetites 
oxidized, but the intrusive chill zones are thought to be compositionally 
representative of the original magma (Bishop, 1973). The amphibolitic 
alteration has been ascribed to regional deformation (Zartman and others, 
1982) or to autometamorphism when magmas at 1200 °C were emplaced in wet rocks 
at 300-350 °C (Bishop, 1973).
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Figure 1. Known occurrences of Proterozoic mafic intrusive rocks (black) 

within the outcrop area of the Belt Supergroup ("L" pattern). Locations of 
Crossport geochemical and geochronological locality and No. 1 Gibbs borehole 
indicated by * and #, respectively. Sources include: Ross and Forester, 
1946; Ross and others, 1963; Bishop, 1973; Griggs, 1973; Aadland and Bennett, 
1979; Hrfy, 1979, 1982, 1984; McMechan, 1979; Reraber and Bennett, 1979; Hrfy and 
Diakow, 1982; Mudge and others, 1982; Harrison and others, 1983, 1985, 1986; 
Ruppel and others, 1983; Cressman, 1985, and 1987 written communication; 
Cressman and Harrison, 1986; Wallace, 1987; Wallace and others, 1987; and M.W. 
Reynolds and J.E. Harrison, 1988, written communications.



Southern Idaho and northern Utah and Nevada

Unmetamorphosed Late Proterozoic supracrustal rocks over an Archean 
basement are preserved in the Portneuf and Bannock Ranges of southern Idaho 
and in the Uinta Mountains of northern Utah, but Precambrian mafic intrusives 
are rare. No Precatabrian mafic intrusives have been mapped cutting the Late 
Proterozoic Pocatello Formation of southern Idaho (K.S. Kellogg, oral 
communication, 3/3/88) but there are unmapped intrusive rocks associated with 
basaltic volcanic rocks in the Bannock Volcanic Member of the Pocatello 
Formation in the Bannock Range (Link and Le Febre, 1983, p. 5). These 
volcanics are high-Ti within-plate basalts that vary from transitional 
tholeiitic-alkaline in the south to alkaline in the north and may have formed 
in a rift setting (Harper and Link, 1986).

Three altered diabase dikes 2-30 m wide and 4-15.5 km long trend west- 
northwest through rocks of the Late Proterozoic Uinta Mountain Group in the 
central Uinta Mountains (Figure 2; Crittenden and others, 1967). These 
altered dikes contain remnant augite and pigeonite that originally constituted 
15 percent of the rock (C.A. Wallace, 3/2/88 written communication). Some 
dikes are of uncertain age, but the easternmost dike has provided a 496+26 Ma 
K-Ar age (Ritzma, 1980) that is close to a 471 Ma Rb-Sr age on a lone dark 
trachyte dike from Lodore Canyon (W.R. Hansen and P.E. Carrara, 1980 written 
communication), so the set may be early Paleozoic rather than Precambrian.

The exposed Archean terrane of northern Utah contains sparse 
amphibolitized mafic intrusives showing evidence of protolith emplacement at 
2.74 Ga in Weber Canyon (Bryant, 1988; Hedge, Stacy, and Bryant, 1983), at 1.8 
Ga and between 2.6 and 3.0 Ga in the Wasatch Range (Bryant, 1984; Hedge, 
Stacy, and Bryant, 1983), and between 1.85 and 2.6 Ga on Antelope Island 
(Bryant, 1980; Bryant and Graff, 1980). Some amphibolites that contain 
metamorphic clinopyroxene or garnet in the Farmington Canyon Complex are cut 
by pegmatites (Bryant, 1988). West-northwest-, east-, and east-northeast- 
trending sills, dikes, and irregular bodies of amphibolite, hornblendite, and 
epidiorite as large as 2 x 0.4 km occur in small areas of crystalline basement 
exposed in the northeast Uinta Mountains. They were intruded into strongly 
deformed metasediments and deformed and metamorphosed themselves prior to 1.5 
Ga (Hansen, 1965).

Large mafic or ultramafic intrusive bodies do not appear to be part of 
the description of the Archean terrane in the Albion Range and nearby 
mountains on the Utah-Idaho border (Armstrong and Hills, 1967; Compton, 1980; 
Miller, 1980; Salzer and Hodges, 1988; Todd, 1980). However, the Wyoming 
Province has recently been extended some 160 km southwest from the Albion 
Range into northeast Nevada's northern East Humboldt Range (not shown on fig. 
2) where newly dated 2.5 Ga gneisses contain numerous amphibolitic bodies 
interpreted as mafic intrusions (Lush and others, 1988).

Black Hills, South Dakota

Metamorphosed differentiated gabbroic sills of three Early Proterozoic 
ages cut supracrustal rocks in the Black Hills uplift, especially on the north 
and east sides (Dewitt and others, 1986), and Archean ultramafic rocks 
probably were present also (Redden and others, 1988). The oldest Proterozoic 
mafic intrusive mass (2.2 Ga), the 900-m thick Blue Draw Metagabbro near Nemo 
(Redden, 1981), is gravity layered and consists, from bottom to top, of 45- - 
90 m of carbonatic serpentinite (former olivine concentration), somewhat 
thicker hornblendite (former pyroxenite), much thicker amphibolite, and local



granodiorite (Redden, 1980). Younger, layered metagabbro sills are similar 
but postdate a post-Blue Draw unconformity and have been dated at 2*0 Ga near 
Bogus Jim Creek and 1.9 Ga near Prairie Creek (Z.E. Peterman, 3/28/88 oral 
communication; Redden and others, 1988). The sills are as thick as 300 m, are 
more differentiated in the direction that is stratigraphically younger, and 
are similar in age to overlying volcanic rocks. All the metagabbro8 were 
deformed, amphibolitized, and intruded by granite at about 1.7 Ga (Redden, 
1980; Dewitt and others, 1986). Detrital chromite in earliest Proterozoic 
metaconglomerate indicates that ultramafic rocks were probably exposed in the 
Archean terrane although none now crop out (Redden and others, 1988, ms. p. 13 
and 31).

Southern Wyoming and northern Colorado

Mafic intrusives of at least three Proterozoic ages (2.0-2.1, 1.77, and 
1.4 Ga) in southern Wyoming and northern Colorado penetrate Early Proterozoic 
supracrustal rocks that themselves unconformably overlie a granitic basement 
containing a fourth set of Archean mafic intrusives (>2.5 Ga). The oldest two 
groups can be distinguished radiometrically but not lithologically, and the 
youngest two groups also contain some overlapping lithologies but generally 
can be distinguished from each other and from the older two by their 
structural habit or lithologic association.

In the Medicine Bow Mountains and Sierra Madre Archean intrusives are 
deformed along with their quartzofeldspathic gneiss country rock into north- 
and northwest-trending folds in a fold system at a large angle to fold 
directions in overlying Early Proterozoic metasedimentary rocks. These 
intrusives plus other garnet amphibolites and peridotites cutting Archean 
basement are inferred to be Archean (Houston and others, 1968; Divis, 1973, 
1976; Houston and Ebbett, 1977; Karlstrom and others, 1981). In the

Figure 2. General distribution of mafic intrusives in the Archean 
mountain ranges of the Wyoming Province. Base from Houston, 1988. Archean 
and Early Proterozoic intrusives, mostly metamorphosed, shown in green; Middle 
and Late Proterozoic intrusives, mostly not metamorphosed, shown in red. 
Distribution highly generalized; age determinations, shown in billions of 
years, vary from precise to estimates only. Derived from many sources, 
including Armbrustmacher, 1972, 1977; Barker, 1982; Bayley, 1968; Bayley, 
Proctor, and Condie, 1973; Becraft and others, 1966; Berg, 1979; Bryant, 1984; 
Casella, 1979; Casella and others, 1982; Condie, 1982; Condie and others, 
1969; Dewitt and others, 1986; Elliott and others, 1983; Erslev, 1981, 1983; 
Ferris and Krueger, 1964; Fraser and others, 1969; Gable, 1987; Gable and 
others, 1988; Granger and others, 1971; Hansen, 1965; Hausel and others, 1985; 
Houston and others, 1968, 1988; Houston and Ebbett, 1977; Houston and 
Karlstrom, 1979; Houston and Orback, 1976; Karlstrom and others, 1981; 
Kiilsgaard and others, 1972; Koehler, 1976; Manzer and Heimlich, 1974; O'Neill 
and others, 1988; Page and Nokleberg, 1974; Pearson and others, 1971, 1973; 
Peterman and Hildreth, 1978; Prinz, 1964; Reed and Zartman, 1973; Ruppel and 
others, 1983; Schmidt and Garihan, 1986; Scholten and others, 1965; Segerstrom 
and others, 1976; Segerstrom and Carlson, 1982; Simons and others, 1979; 
Snyder, 1980a, 1980b, 1984, 1986; Snyder and Hedge, 1978; Spencer and Kozak, 
1973, 1975; Stuckless and Peterman, 1977; Stueber and others, 1976; Tweto, 
1987; Tysdal and others, 1987; Vitaliano and others, 1979; Wedow and others, 
1975; Witkind, 1972, 1976; Wooden and others, 1978; Worl and others, 1986. 
[Illustration on next page.]
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Hartville uplift dikes of granular quartz amphibolite are colinear on a 2.58- 
granite Rb-Sr isochron diagram and are mainly older than the 1.98 Ga granite 
of Flattop Butte (Figure 3, this report; Snyder and Peterman, 1982).

A voluminous swarm (20 percent of a granite gneiss terrane) of mainly 
northeast-trending mafic and ultramafic dikes in the central Laramie Mountains 
varies from older plagioclase-porphyritic metabasalt through nonporphyritic 
metadiabase or basaltic komatiite (Snyder, 1984) to variously altered 
metaperidotite and serpentinite (Figure 4, this report). With compositions 
that suggest extensive post-2.6-Ga mantle melting (Holden and Snyder, 1983), 
the dikes have Sr isotope ratios and REE patterns that suggest two distinct 
mantle sources (Snyder and others, 1985). Most mafic diabases were derived 
from a fertile mantle source, and most ultramafic rocks originated from a 
depleted harzburgitic mantle (Hall and others, 1987). Emplacement of the 
dikes pre-dated at least one period of metamorphism and deformation, because 
most of the diabase dikes contain metamorphic garnet and some are folded and 
display axial-plane foliation. New U.S. Geological Survey radiometric data 
indicate that many, perhaps most, representatives of this dike swarm are Early 
Proterozoic, especially in the vicinity of the Boy Scout Camp on the North 
Laramie River (Figure 3). Here a swarm of garnet amphibolite dikes cuts 
across and is about equally voluminous within a 6-km-long granodiorite pluton 
centered on the Boy Scout Camp (Snyder, 1986, part B) from which zircons were 
dated by K.R. Ludwig in March 1988 at 2,051+10 Ma. Some dikes of the garnet- 
amphibolite dike swarm are cut by the pyroxene granite in the Richeau Hills 
(30 km to the east southeast; Snyder, 1984, part L) from which zircons have 
been newly dated at 1740+_20 Ma (a 3/28/88 improvement on the 1700 Ma 
preliminary data reported in Snyder, 1984). Most of the swarm, therefore, 
falls in the range 1.74-2.05 Ga. It is conceivable that some of the dikes 
could fall in the age range between the granite of Flattop Butte and 
granodiorite of Boy Scout Camp (60 km apart) at 1.98-2.05 Ga if the swarms are 
coextensive under cover and if the 2.58 Rb-Sr colinearity reasoning mentioned 
above does not apply to all the dikes.

Earliest Proterozoic mafic and ultramafic intrusives are well dated in 
the Sierra Madre and probably are present in other terranes as well. A 
1.99+0.03 Ga Sm-Nd mineral and whole-rock isochron is reported from the 2-km- 
long Spring Creek Lake olivine norite body that cuts Archean granite in the 
central Sierra Madre (see Karlstrom and others, 1981, pi. 5; Shaw and others,

Figure 4. Intrusive relations exposed in north wall of North Fork Cherry 
Creek, central Laramie Mountains. Average evergreen tree is 15 m tall. 
Exposed rock relationships, from oldest to youngest, are:

1) Archean granite gneiss (light, in right half of photograph) with 
gneissic layering and foliation (light- and medium-gray layers) sloping from 
upper left to lower right.

2) Archean or Early Proterozoic metatholeiitic amphibolite dikes (1-20 m 
dark layers marked with arrows in right half of photograph) extending from 
upper right to lower left and cutting granite gneiss at a high angle.

3) Dark, jointed Archean or Early Proterozoic peridotite of Tony Ridge in 
upper left of photograph, with lower contact cutting granite gneiss at a high 
angle and some amphibolite dikes at a low angle. Peridotite varies from 
websterite at rare contact exposures to harzburgite, Iherzolite, and olivine 
websterite within body; richest in olivine near center of body. :

4) Asterisks mark localities at which late 2-75 cm wide dikes of olivine- 
phyric norite (not visible on photograph) cut peridotite. 

[Illustration on next page.]
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1986; and Tracy and others, 1986); the Rb-Sr systematics are imprecise. 
Eighteen kilometers to the east-southeast a pegmatitle phase of the 1.3-km- 
long Cushman Creek metagabbro plug in Cascade Quartzite has yielded a 2092+9 
Ma U-Pb age on four zircon fractions (Premo and Van Schmus, 1988). Thus 
intrusions described as boninitic and tholeiitic are known to have been active 
in the Sierra Madre in earliest Proterozoic time. Metaharzburgites and 
metatholeites are present in the central Laramie Mountains (Fig. 4) but are 
not closely dated internally; one differentiated body on Sellers Mountain has 
a metaperidotitic base and a metabasaltic top (Langstaff, 1984). Davis and 
others (1977) reported an Rb-Sr isochron on the peridotite of Preacher Creek 
in the Laramie Mountains that shows much scatter between 1.72 and 4.41 Ga. In 
the Hartville uplift the anatectic granite of Flattop Butte, Rb-Sr age 1.98 Ga 
(Snyder and Peterman, 1982), is cut by only one amphibolite dike (compared to 
a dense swarm of now-granular amphibolite dikes in the Archean granite) (see 
Figure 3 above). In the Medicine Bow Mountains the altered Gaps intrusive is 
about 2.0 Ga (Karlstrom, 1981, p. 280).

Three or four layered synvolcanic batholithic plutons, one covering as 
much as 155 sq km, and numerous smaller intrusives cut Early Proterozoic rocks 
just southeast of the Archean craton (Houston and others, 1968; Snyder, 1980a; 
Karlstrom and others, 1981, fig. 3.1). The major plutons, from northeast to 
southwest the Lake Owens Mafic Complex (Houston and others, 1968; Houston and 
Orback, 1976), the Mullen Creek Mafic Complex (R.J. Chico, 1987 oral 
communication; Edwards, 1981; R.R. Loucks, 1987 written communication), and 
the gabbro of Elkhorn Mountain (Snyder, 1980a; only this body is named on fig. 
2), are progressively more amphibolitized from northeast to southwest but even 
the Lake Owens body, which contains abundant gabbronorite and troctolite, is 
amphibolitized near its southern contact. The Lake Owens pluton is a layered 
mafic complex 5.8 km thick that is believed to have been derived from a high 
SiOo primary magma that was replenished in the magma chamber with more mafic 
liquids (R.R. Loucks, 1987 written communication; Myers and Patchen, 1987; 
Patchen and Myers, 1987). One of these plutons that is directly dated is the 
gabbro of Elkhorn Mountain, where zircons from a diorite phase were originally 
dated by Carl Hedge at 1.78 Ga (Snyder, 1980a); the date on the same zircon 
separate has recently been refined to 1.77 Ga (Pallister and Aleinikoff, 1987; 
Reed and others, 1987, table 1, #5), essentially identical to a 1,778+2 Ma age 
on a quartz diorite phase of the Mullen Creek Mafic Complex (W.R. Premo and 
R.R. Loucks, 6/2/88 written communication; Loucks, and others, 1988). 
A N. 20° E. set of basalt dikes cuts the gabbro of Elkhorn Mountain and some 
immediately adjacent wall rocks (Snyder, 1980a).

A northwest-trending set of 1.4 Ga lithologically diverse dikes is found 
on both sides of the Cheyenne Belt, a shear zone at the southeast margin of 
the Archean continent; they are structurally simple themselves but frequently 
cut across earlier complex fold structures at high angles. The famous "Iron 
Dike" of this set is a diabase with 8.5 percent titaniferous magnetite that is 
as much as 45 m thick, dips steeply southwest, and is traceable across the 
northern Colorado Front Range for 130 km (Wahlstroo, 1956; Tweto, 1987). As 
noted by Tweto (p. A40), "a mafic dike of this length must reflect a major 
fracture deep in the crust". A ubiquitous near-vertical flow lineation 
indicates "that the diabase magma rose vertically throughout the length of the 
dike and thus that the deep source was widespread". Colinear with this dike 
in the Medicine Bow Mountains south of the Cheyenne Belt is a zone of north- 
to north-northwest-trending porphyritic quartz latite dikes that cut all 
Precambrian units except the youngest, the 1.43-Ga Sherman Granite. Late 
northwest-trending dikes in the Laramie Mountains vary from diabase through

10



biotite basalt south of the Cheyenne Belt (1.42+0.07 Ga biotite K-Ar date from 
Ferrls and Krueger, 1964) to rhyolite north of the Cheyenne Belt in the 
Richeau Hills (1.45+0.03 Ga Rb-Sr whole rock date by Z.E. Peterman in Snyder, 
1984). Hartville uplift dikes of northwest trend include amphibolices that 
cut the 1.74 Ga granite of Haystack Range and olivine basalt that cuts folded 
netasedimentary rocks northeast of Guernsey, Wyoming (Snyder, and others, 
1989, fig. 3D). In the northern Park Range of Colorado dikes of this general 
age include porphyry dikes of two sets, a northwest set faulted by a 
northeast-trending mylonite zone and cut by the 1.47 Ga Roxy Ann Lake phase of 
the Mount Ethel pluton, and a northeast set that cuts the Roxy Ann Lake phase 
(Snyder and Hedge, 1978). Possibly some undated northwest-trending dikes in 
the Uinta Mountains of Utah that were mentioned earlier could also be Middle 
Proterozoic.

Mafic intrusives cutting surface exposures of Archean rocks 

Beartooth Mountains

The mafic intrusives cutting Archean crystalline rocks of the Beartooth 
Mountains, Wyoming and Montana, have been more intensively studied than the 
mafic intrusives of any other range in the Wyoming province. Not only is the 
Stillwater Complex (relations summarized in next section) present in this 
range, but there is also a suite of excellently exposed, mainly northwest* 
trending mafic dikes that span a range of compositions and ages. Interspersed 
with the intrusive events are two or three major metamorphic events that have 
been described and summarized by Giletti (1966), Brookins (1968), Fraser and 
others (1969), Skinner and others (1969), Rowan and Larsen (1970), Casella 
(1979), Mueller (1979), Casella and others (1982), Mueller and others (1982), 
Loferski (1986), and others.

The early workers recognized 3 or 4 periods of mafic intrusion. The 
first consisted of prefolding, premetamorphic, pregranitic orthoamphibolite or 
metagabbro; this was followed successively by intrusion of metabasalts or 
metadolerites that cut pegmatites, then by quartz dolerite, and finally by 
olivine dolerite (Ecklemann and Poldervaart, 1957; Spencer, 1959; Prinz, 1964; 
and Casella, 1969). Prinz (1964) noted that the metadolerite dikes contain 
local scapolite but not garnet; rock types grouped with the metadolerites 
include metaharzburgite, metabronzitite, "leopard rock" (large-plagioclase- 
phyric rock with nonporphyritic borders), and intrusion breccia; the younger 
dolerites contained vesicles. Rowan's (1969) and Casella's (1969) maps of 
part of the northeast Beartooths show several meaningful intersections of 
mafic, ultramafic, and pegmatitic intrusions, and others have also mapped 
mafic intrusive crosscutting relations in other parts of the Beartooths 
(Fraser and others, 1969; Reid and others, 1975; Wedow and others, 1975; 
Simons and others, 1979; Casella and others, 1982; Segerstrom and Carlson, 
1982; Tinm, 1982; Elliott and others, 1983). Numerous attempts to apply 
various radioiaetric dating techniques have been made (Condie and others, 
1969b; Mueller, 1970, and 1971 written communication; Rowan and Mueller, 1971; 
Baadsgaard and Mueller, 1973; Mueller and Rogers, 1973; Wooden, 1975 written 
communication; Wooden and Mueller, 1979; Wooden and others, 1981, 1982). The 
Beartooth mafic intrusive history was summarized by Mueller and others (1982) 
as follows:
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Dioritic amphibolite                              2.9-3.0 Ga 
Stillwater Complex                                2.7 Ga 
Early mafic dikes (contain clinopyroxene but all are hypersthene-

normative according to Raby and others, 1979)         2.5-2.8 Ga 
Additional mafic dikes                            2.1-2.2 Ga 
Olivine-nonnative dikes                            1.3 Ga 
Quartz tholeiite                                  0.7 Ga. 
One complication voiced by Skinner (1969) is that some pre-2.79-Ga 

eastern Beartooth ultramafic pods were tectonically emplaced, broken into 
lenses near fold crests, and variably recrystallized to nonequilibrium 
assemblages in several later events. He maps 18 equidimensional to lens- 
shaped bodies 4.5-140 m long in a granitic gneiss group elongated N. 65° E. 
over a distance of 650 m. Northwest of this area the Red Lodge chromite- 
bearing ultramafic bodies described by James (1946) have been affirmed by 
Loferski (1980 written communication; 1986) to be the disrupted fragments of a 
large stratiform complex.

The history of correlation between intrusive orientation and age has been 
complicated. Spencer (1959) recognized that the various groups of Beartooth 
mafic dikes occupied some of the same fracture trends, and Prinz (1965) 
commented that Archean fracture patterns exerted a strong influence on later 
intrusion. Condie and others (1969b) cautioned that there was no apparent 
relation between dike age and dike trend. Apparently the dike swarms of the 
Beartooths differ from those of the Canadian shield in that they are more 
limited in occurrence and are generally not separable into compositional or 
age groupings on the basis of strike (Wooden, 1975). But Wooden (1975) and 
Wooden and Mueller (1979), while recognizing 4-5 age groups as well as 17 
chemical groups of dikes, nevertheless see some trend consistency amongst 
Proterozoic dikes as compared to a diversity of orientation within the Archean 
dike group. Those 2000-2100 Ma old are described as generally oriented north- 
south, the 1300-Ma group is consistently N. 30° W., and the 740-Ma group is 
consistently N. 75° W. Wooden and Mueller noted further that "as a general 
rule, one chemical grouping is restricted to a limited geographic area and 
consistently oriented fractures. Only the 1300 m.y. old alkali olivine 
diabases have been found all across the Beartooths. Some chemical groups are 
represented by a single known dike,  others by more than a half dozen. It is 
not unusual for different chemical types to occupy the same fracture with 
segments placed end-to-end but not side-by-side. The variety of chemical 
groups and the variously oriented fractures that they occupy suggest that the 
2800-2500 m.y. old group represents a number of distinct magmas intruded over 
a period of time during which the orientation of the tectonic stress field 
changed. The 2200-2100 m.y. event encompasses 2-3 magma types but the stress 
field seems to have remained constant. The two younger events represent 
single pulses of magma. The pattern of intrusion in the Beartooths appears to 
go from the complex to the simple with decreasing age  The extensive nature 
of the 1300 m.y. event is probably related to the tectonics of the Belt basin 
which was active between 1450 m.y. and 900 m.y. ago and the main axis of which 
is oriented parallel to the trend of the 1300 m.y. old dike swarm  ".

Simons and others (1979, plate 1) mapped six varieties of Precambrian 
mafic dikes in 1700 sq km of the eastern Beartooth Mountains. Figure 5 shows 
a rose diagram of orientations for each of Simons' groups of dikes. Figure 5 
and Simons" map show that different map groups of mafic dikes do indeed have 
distinct preferred orientations, albeit some more complicated than others. 
Simons" map also shows various age relations between some members of the 
different dike groups: quartz dolerite cuts metadolerite in one place,
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Figure 5. Evenly length-weighted rose diagrams for labeled Precaobrian mafic 
dikes of the eastern Beartooth Mountains, derived from the map by Simons and others 
(1979, plate 1). A - quartz dolerite dikes (37% of data); B - alkalic olivine 
dolerite dikes (3% of data); C - metadolerite dikes (39% of data); D * unassigned 
dikes (9% of data); E - amphibolite and hornblende gneiss (11% of data); F * 
ultramafic rocks (1% of data). A-D mapped as Late Archean through Proterozoic; E, F 
mapped as Late Archean. Percentage scale lines oriented east-west in each diagram 
with north at top; note different scales for different diagrams.
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metadolerite cuts metadolerite in one place, and amphibolite and hornblende 
gneiss are cut by quartz dolerite (4 places), alkalic olivine dolerite (one 
place), and metadolerite (6 places). Because many dikes are shown as lines, 
all other map intersections are non-diagnostic. Simons' (1979) alkalic 
olivine dolerite (orientation concentration is N. 55-60° W.) is doubtless 
equivalent to Wooden and Mueller's (1979) alkalic olivine diabase (1300 Ma and 
"consistently N. 30° W.") but other correlations between the dike groups of 
these respective authors are less clear. Wooden and Mueller's N. 75° W.- 
trending 740 Ma dikes are probably included with the more diversely oriented 
quartz dolerites of Simons and others (1979). But it seems unlikely that 
Wooden and Mueller's north-trending 2000-2100 Ma dikes should be included with 
the strongly north-trending amphibolite and hornblende gneiss of Simons and 
others (1979); they are likely a small percentage of some other Simons' 
group. It is not clear whether Wooden and Mueller's Archean group is spread 
over several of the Simons-derived diagrams or whether it is concentrated in 
one.

Stillwater Complex. The Stillwater Complex is a coarse-grained post- 
orogenic, strongly differentiated mafic and ultramafic intrusive body emplaced 
in the northern Beartooth Mountains at 2.7 Ga (Nunes and Tilton, 1982; DePaolo 
and Wasserburg, 1979; Lambert, Unruh, and Simmons, 1982). Differentiation of 
basaltic magmas produced layered mixtures of the cumulate minerals, olivine, 
bronzite, plagioclase, and augite, forming a sequence 5.5-7.7 km thick. For 
descriptive summaries see Czamanske and Zientek (1985) and Page and Zientek 
(_ln Houston and others, in press 1988) and for geologic maps see Page and 
Nokleberg (1974) and Segerstrom and Carlson (1982). The Stillwater Complex 
likely records repeated influxes of new magma into a quiescent pool of 
differentiating magma (Todd, Schissel, and Irvine, 1979; Lambert and Simmons, 
1980; McCallum, Raedeke, and Mathez, 1980; Irvine, Keith, and Todd, 1982; Bow 
and others, 1982; and many others, but also see Ryder and Spettel, 1985). 
Primary magmas proposed include komatiite, picrite, tholeiite, and 
anorthosite. The profusion of cumulates makes deduction of magmatic liquids 
difficult, and attempts to do so have concentrated on high-Mg dikes in the 
Beartooth Mountains, or on chilled-margin dikes and sills of the Stillwater 
Complex.

Six geochemically distinct groups of Precainbrian high-Mg Beartooth dikes 
were examined by Longhi and others (1983) to see if any could have been the 
parent magma of the Stillwater Complex; they state that "only two groups have 
sufficiently magnesian olivine and orthopyroxene, but neither of these has 
sufficiently calcic plagioclase." One dike of one of these groups, which 
intrudes and is chilled against one of the Stillwater cumulate zones in the 
eastern part of the complex, has a preliminary 2-point Sm-Nd mineral isochron 
indicating a 2.65 Ga age. Longhi and others (1983) say that there appear to 
be two distinct magma types parental to the high-Mg Beartooth dikes, these 
having 11 and 13 percent MgO, and that several different fractionating 
komatiitic parent magmas with varying amounts of crustal contamination seem 
required to explain their geochemical models.

Study of chilled-margin sills and dikes originally indicated two types of 
basal series liquids: 1) Sulfide-poor feldspathic diabase, and 2) Sulfide- 
containing mafic norite (Zientek, 1983). Additional study of these basal 
precursor sills has indicated that there are as many as six magmatic groups, 
of which two groups, mafic norite and high-Mg gabbronorite with 9.6-13 percent 
MgO, formed the dominant Stillwater liquids, while olivine gabbro, with 6.4- 
7.6 percent MgO, formed a minor additional liquid (Helz, 1985). All the
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precursor-sill magmatic groups are said to be different from post-Stillwater 
dikes in the area and more satisfactory for the determination of Stillwater 
liquids (Helz, 1985, 1987). One basal norite dike from the Mountain View area 
has recently yielded zircons with a 2,713+3 Ma age (Premo and others, 1986).

Proterozoic and Archean dikes of dolerite, metadolerite, and plagioclase- 
porphyry basalt intrude the Stillwater Complex along trends from east-west in 
the western part of the complex, through east-northeast and northeast in the 
central part, to north-northwest in the eastern part, but there are many 
variations. Many dikes were emplaced along faults and some are sheared. 
Dikes are as wide as 0.5 km locally (Baadsgaard and HueHer, 1973; Page and 
Nokleberg, 1974; Segerstrom and Carlson, 1982).

Tobacco Root Mountains, Ruby Range, and the remainder of Montana

The alternation of mafic intrusive and metamorphic events in southwest 
Montana west of the Beartooth Mountains (see fig. 2) has been summarized by 
James and Hedge (1980) as follows:

1) Widespread emplacement of pre-metamorphic pre-deformation mafic sills 
and dikes (now sheets, lenticular bodies, and boudins of amphibolite and 
hornblende gneiss) after sedimentation at 3,000 Ma or before.

2) Local emplacement of mafic sheets after two folding events but between 
two major metamorphisms, the youngest of which culminated 2,750 Ma.

3) Emplacement during regional uplift of diabase dikes at 1,455 and about 
1,125 Ma (after Wooden and others, 1978).

In the Tobacco Roots and adjoining Ruby Range a swarm of 1,455-Ma dikes 
were primitive tholeiites with 0.2-0.8 percent K20 while other dikes were more 
differentiated or contaminated quartz-normative tholeiites with 1.1-1.6 
percent 1^0. the dikes at about 1,125 Ma came from two separate magmas, one 
with FeOT between 8.9 and 10.4 percent, the other with FeOT between 13.6 and 
15.8 percent. In the southern Tobacco Roots west-northwest-trending fractures 
were filled magmatically in an overlapping sequence beginning in the southwest 
and proceeding to the northeast. Some dikes had their isotopic systems 
disturbed when later dikes were intruded beside them (Wooden and others, 
1978).

Besides the 17 km long swarm of unmetamorphosed diabase dikes addressed 
above (Koehler, 1976; and Wooden and others, 1978), there is an equal volume 
of pre-pegmatite metabasic intrusive sheets and meta-ultramafic pods in the 
Tobacco Roots. Many student have noted in theses that the older mafic 
intrusives were emplaced as sheets between an early granulite-facies 
metamorphic event and a later amphibolite facies event; some are cut by 
metamorphosed shear zones (McCulloch and Cummings, 1987, 1988). The pre- and 
post-metamorphic sheets were emplaced at right angles to each other signalling 
an important change in the Precambrian stress field between the times of their 
respective emplacements: West-northwest post-metamorphic dikes cross the 
trend of north-northeast pre-metamorphic dikes, with one intersection mapped, 
in the southern Tobacco Roots; northwest post-metamorphic dikes cross the 
northeast- to east-trending pre-metamorphic dikes in the northern Tobacco 
Roots. In addition north-trending meta-ultramafic pods are shown transecting 
east-west metabasite sills at six localities in the northern Tobacco Roots; 
one meta-ultramafic pod appears at the center of a metabasite pluton in the 
southeast Tobacco Roots (Vitaliano and others, 1979).

Pre- and post-metamorphic mafic intrusives also occur in other ranges in 
southwest Montana. In the Ruby Range meta-ultramafic rocks were emplaced 
prior to an upper-amphibolite-facies event. Typically they are texturally and
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mineralogically zoned, occur along fold crests, and locally alternate with 
pegmatites in boudinage structure (Garihan, 1979; Desmarais, 1981). Younger, 
northwest-trending diabase dikes cut the ultramafics (Heinrich, 1960; 
Karasevich and others, 1981).

In the southern Madison Range, and the Centennial Mountains south of 
this, Archean volcanics contain pre-metamorphic bronzititic ultramafic pods 
that may represent komatiite flows and intrusives. These were followed by 
structure-crossing north-northwest to northeast-trending diabasic quartz 
tholeiite and gabbro dikes and sills as long as 4.5 km, some of which occur 
along and one of which cuts the northeast-trending Madison mylonite zone 
(Erslev, 1981, 1983; Witkind, 1972, 1976).

The northern Madison and Gallatin Ranges also contain lenses of wehrlitic 
intrusives and three age groups of northwest- to northeast-trending mafic 
sheets (oldest first): 1) Folded and boudinaged foliated amphibolites, 2) 
Unfolded, foliated amphibolites, 3) Unfolded, unfoliated diabase and basalt 
(Becraft and others, 1966; Spencer and Kozak, 1975).

The Highland Mountains cratonic rocks contain two generations of mafic 
intrusives: northeast- to east-trending metabasite dikes, and northwest- to 
west-trending diabase dikes (O'Neill and others, 1988). A rose diagram of 117 
(younger) diabase dikes greater than 100 m long in the Tobacco Root and 
Highland Mountains and Ruby and Madison Ranges shows a strong concentration in 
the N. 30-80° W. sector (Schmidt and Garihan, 1986, fig. 4).

Precambrian mafic and ultramafic intrusives are also present in the less 
completely studied Greenhorn and Gravelly Ranges, which occur between the 
Madison and Ruby Ranges (Hadley, 1969; Berg, 1979). In the Blacktail Range a 
1.6 km unmetamorphosed harzburgite intrusive is cut off by the Dillon Granite 
Gneiss (Scholten and others, 1955); northwest-trending unfoliated diabase 
dikes are the youngest Precambrian features in this range (Clark and Mogk, 
1985). Metadiorite (Pinto Diorite), metagabbro, and crosscutting metabasaltic 
dikes were intruded between 2.5 and 1.9 Ga metamorphic events in the Neihart 
area of the Little Belt Mountains (Catanzaro and Kulp, 1964; Catanzaro, 1967; 
Witkind, 1973).

Bighorn Mountains

Three possible ages of mafic and ultramafic intrusives are present in the 
Bighorn Mountains, 3.0, 2.8, and 2.2 Ga (Stueber and others, 1976; Arth and 
others, 1980). The first two groups were emplaced late in separate plutonic- 
metamorphic events, while the last was emplaced after significant heating or 
deformation had ceased. The oldest (3.0 Ga) gneisses in the southern Bighorns 
contain 1-5 percent amphibolite lenses that may once have been basaltic dikes 
(Arth and others, 1980; Barker, 1976, 1982). One peridotite has yielded a K- 
Ar whole-rock date of 3.0 Ga but it is not certain that this is the time of 
intrusion (Heimlich and Banks, 1968). Other data about mafic bodies of 
similar age appears to be lacking.

Two generations of generally sheetlike younger mafic bodies have been 
reported in many areas of the Bighorns since the work of Osterwald (1955, 
1959) but not all mapped rocks have been classifiable (Armbrustmacher, 1977; 
Barker, 1982). The oldest has generally been described as metadolerite or 
metabasalt, and what was assumed to be the youngest has generally been 
described as dolerite, dolerite porphyry, or diabase (Nelson, 1969). 
Ironically, when the 2.8 and 2.2 Ga ages were quantified (Stueber and others, 
1974, 1976), the 2.8 Ga group contained some dolerites without the meta 
prefix, apparently indicating that it is possible for some premetamorphic
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dikes to have survived metamorphism unrecrystallized. Dike trend direction 
and age are not strongly correlated in the Bighorn Mountains; for example, 
some northwest-trending dikes cut northeast ones while some northeast-trending 
dikes cut northwest ones in the Cloud Peak primitive area (Kiilsgaard and 
others, 1972). Mafic dikes commonly cut the gneissic foliation of their wall 
rocks at an angle, but some of the older ones are in turn invaded by the 
granite they cut, or by aplite or pegmatite (Houston, 1971; Kerr and 
Langenheim, 1977). Some metadolerite dikes were marginally amphibolitized 
under water-poor conditions, and both plagioclase and pyroxene in such 
granoblastic rocks are lower in calcium than in unamphibolitized rocks 
(Heimlich, Gallagher, and Shotwell, 1974). Because the age of the Late 
Archean diabases is close to the average K-Ar biotite age of 2,730 Ma in the 
northern Bighorn Mountains, it is thought that emplacement of the dikes 
coincided closely with uplift and cooling in the northern Bighorn Mountains 
(Peterman and Houston, _in_ Houston and others, 1988).

The 2.8 Ga dikes include both tholeiitic basalt and ultramafic rocks. 
Their trends range from N. 30-50° E. to northwest in the northern part of the 
range, are east-west and northeast in the central part, and east-west and 
north-northwest in the southern part of the range (Armbrustmacher, 1972, 1977; 
Barker, 1982; Heimlich, Nelson, and Gallagher, 1973; Manzer and Heimlich, 
1974; Ross and Heimlich, 1972; Stueber, Heimlich, and Ikramuddin, 1974, 
1976). Ultramafic rocks are said to be either pre- or post-metamorphism 
(Heimlich and Banks, 1968). Metapyroxenite is present in two northeast- 
trending dikes in the northern Bighorns (Manzer and Heimlich, 1974), and 
hornblendite occurs in the southwestern part (Barker, 1982). A zoned 
irregularly northeast-trending pre- or synmetamorphic ultramafic pluton 3 km 
long is cut by metadolerite and diabase dikes in the southeastern Bighorn 
Mountains (Luth, 1960; Armbrustmacher, 1972). The pluton consists of 
pyroxenite and harzburgite in its northeast half, and grades to slightly 
younger norite, melanorite, and diorite in its southwest half. Luth (1960) 
believes that the rocks of this complex at Trailside were intruded as a 
largely liquid mass, but that bronzite of the ultramafic rocks was regenerated 
and partially replaced preexisting subcalcic augite during regional almandine- 
amphibolite metamorphism.

The 2.2 Ga mafic intrusives in the Bighorn Mountains consist of dolerite, 
quartz dolerite, and dolerite porphyry in dikes as long as 20 km and in small 
plutons (0.05 X 0.3 km) (Armbrustmacher, 1977; Barker, 1982). The dikes trend 
east to N. 20° W. in the northern Bighorns, northwest and north-northeast to 
east-northeast in the central mountains, and mainly northwest, northeast, and 
east in the south (Barker, 1982; Condie and others, 1969b; Heimlich, Nelson 
and Gallagher, 1973; Kiilsgaard and others, 1972; Manzer, Heimlich, and Ross, 
1971; Nelson, 1969; Ross and Heimlich, 1972; Segerstrom and others, 1976; 
Stueber, Heimlich, and Ikramuddin, 1976). Dolerite porphyry consists of so- 
called leopard rock having plagioclase-rich flow-differentiated interiors and 
nonporphyritic contact zones (Heimlich and Manzer, 1973). Rock samples and 
plagioclase and pyroxene separates from such a dike in the northernmost 
Bighorns provide close control for the 2.2 Ga Rb-Sr isochron (Stueber, 
Heimlich, and Ikramuddin, 1976, Fig. 4).

Teton Range, Gros Ventre Mountains

The Rendezvous Metagabbro, a metamorphosed hornblende-plagioclase rock, 
which includes a plagioclase-rich "leopard diorite" phase, forms a pluton with 
dimensions greater than 4 x 8 km in the southern Teton Range. Together with
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the Webb Canyon (granitic) Gneiss, which is interlayered with flows or sills 
of metabasalt, the Rendezvous Metagabbro has a whole-rock Rb-Sr age of 
2*875+150 Ma and was probably removed from the mantle only shortly before a 
high-grade regional metamorphism of this date (Reed and Zartman, 1973).

Partly altered clinopyroxene-containing tholeiitic diabase, the youngest 
precambrian rock in the Teton Range, forms a series of west-northwest-trending 
dikes as thick as 45 m and as long as 16 km, and is exposed for a height of 
over 1500 m. One dike on Mount Moran possesses a K-Ar apparent age of 775+50 
Ma on its chilled margin, but, because biotite from wall rock 1.5 m from the 
dike shows no decrease in age from biotite further away, the dike is believed 
to have been intruded between 1,360 and 2,570 Ma, perhaps just prior to a 
1,330-1,500 Ma thermal event (Reed and Houston_in_ Houston and others, 1988; 
Reed and Zartman, 1972, 1973)* However, the paleoaagnetic-remanence direction 
on the Mount Moran dike is essentially identical with that of similar-aged 
(0.7 Ga) rocks from the Beartooth Mountains, Montana (Larson and others, 
1974).

Precambrian gneisses exposed in the Gros Ventre Mountains contain small 
lenses of serpentinite and hornblende-clinopyroxene gabbro and are cut by 
widely scattered pre-granite diabase dikes (Simons and others, 1981).

Wind River Range

Although radiometric dating is very spotty, there seem to be at least 
three and perhaps four ages of mafic-ultramafic intrusive events recorded in 
the Wind River Range: >3.2 Ga (Middle? Archean), 2.8 Ga (Late Archean), and 
one or more events from 1.7-2.1 Ga in the Early Proterozoic. All three events 
produced both tholeiitic basalt and ultramafic rocks, and they are 
interspersed with two granulite-facies metamorphic events (Aleinikoff and 
others, 1987).

The age of the oldest mafic-ultramafic igneous event at >3.2 Ga is based 
on the observation that a 5-km east-trending belt of metaharzburgite and 
metapyroxenite near Horseshoe Lake in the north-central Wind Rivers (Link and 
Bronson, 1984; Worl and others, 1986) was intruded before the first of two 
regional granulite-facies metamorphic events (Anderson, 1985), and on the 
dating of that earliest granulite event as 3.2 Ga (Aleinikoff and others, 
1987). Rocks of this belt are agmatized and locally invaded by pegmatitic 
dikes (Anderson, 1985; Worl and others, 1986). Other rocks that may be 
related to the oldest group are: 1) Irregular dike-like bodies of 
clinopyroxene-containing metagabbro and metadiorite, which occur in two 
northwest-trending zones 8.5 and 39 km long in the northwestern Wind Rivers, 
and were mapped as Archean (Worl and others, 1986); 2) Premetamorphic 
ultramafic bodies in the northwestern Wind Rivers that may have been 
tectonically emplaced (Frost, 1971) or in the central Wind Rivers that may be 
preserved mantle beneath the Archean crust (Frost and Worl, 1983); 3) Thin 
layers of pre-early-folding serpentinite and a pluton of post-early-folding 
pre-late-folding two-pyroxene granulite in the northeastern Wind Rivers 
(Perry, 1965); and 4) Melanosomes of regional migmatites throughout the range 
(Stuckless and others, 1985).

The Late Archean mafic-ultramafic intrusive event is justified by 
relations of greenstone-belt rocks in the southern Wind Rivers, which must be 
older than the 2.63 Ga Louis Lake batholith that intrudes it (Stuckless and 
others, 1985); part of this belt has been dated by the Rb-Sr whole-rock method 
as 2.8 Ga (Z.E. Peterman j.n_ Stuckless and others, 1985, p. 852). The Rb-Sr 
dated part consists of greenschist facies turbidites and calc-alkaline meta-
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andesites that are sutured to a tholeiitic part of the belt containing 
ultramafic rocks, metagabbro, metadiabase, and pillow lavas (Bayley, 1963, 
1965; Bayley, Proctor, and Condie, 1973), which may represent an ophiolitic 
oceanic crust (Condie, 1972; G.D. Harper, 6/6/86 written communication). 
Other metagabbros cut by diabase dikes elsewhere in the range (Oftedahl, 1953; 
Granger and others, 1971; Worl and others, 1984) could be part of the 2.8 Ga 
intrusive sequence.

The Early Proterozoic (multi?) event consists of unmetamorphosed or 
mildly metamorphosed sheet-like diabase and ultramafic dikes that trend mainly 
northeast in a southern, a central, and a northern swarm; a few trend 
northwest (Granger and others, 1971; Pearson and others, 1971; Worl, 1963a and 
b; Worl and others, 1986). Diabase dikes are as long as 32 km; one sheet of 
feldspathic peridotite with the composition of an olivine websterite is as 
long as 13 km (Pearson and others, 1971). K-Ar whole-rock ages have been 
measured in the southern diabase swarm by Condie and others (1969b) who 
thought there were two Wind River events at 1.4-1.8 Ga and 1.9-2.2 Ga. Their 
oldest whole-rock dates, 1,890 and 2,060 Ma, were determined for two 3 to 6-km 
dike segments along the Sweetwater River in the southernmost part of the 
range. Spall (1971) found that replicate K-Ar pyroxene ages on three dikes 
northwest of Atlantic City [with K-Ar whole-rock ages of 1.3-1.5 Ga (Condie 
and others, 1969b)] fell in the range 1.7-1.9 Ga, indicating intrusion at a 
minimum of 1.9 Ga. Thus it is unclear from the K-Ar dating whether there are 
one or more late mafic intrusive events. However, in the northern Wind 
Rivers, Worl (1967, 1968, 1969, 1972) reports several generations of metadia- 
basic intrusives, and Granger and others (1971) recognize three types of 
diabase, the oldest of which was metamorphosed. The post-metamorphic types 
include both labradorite glomeroporphyry and equigranular diabase, the latter 
possibly the younger of the two types.

Owl Creek Mountains

Two groups of Archean and one group of Early Proterozoic(?) tholeiitic 
intrusives are probably present in the Owl Creek Mountains. The oldest are 
orthoamphibolite layers in supracrustal assemblages exposed in Wind River 
Canyon and in the Copper Mountain area, some of which were gabbroic sills 
(Condie, 1967, p. 128; Granath, 1975, p. 80; Hausel and others, 1985, p. 5, 
7); these are older than 2.7 Ga, based on Giletti and Cast's (1961) Rb-Sr ages 
on minerals from crosscutting pegmatites. A younger group of mapped Archean 
dikes and sills occurs in two sets in the Copper Mountain area, one east- 
northeast-trending parallel to the strike of the metasedimentary units, the 
other northwest- to west-northwest-trending across the older orthoamphibolites 
in the central and south-central parts of the area (Thaden, 1980a, b, c); both 
sets are amphibolitized and are shown as cut by numerous apophyses of Archean 
granite, but they are not otherwise quantitatively dated (Hausel and others, 
1985, pi. 1). Early Proterozoic(?) dikes have been studied in both the 
Merritt Pass area and the Copper Mountain area. In the Merritt Pass area they 
consist of melaamphibolite in a consistently west-northwest- to west-trending 
swarm; five of these have yielded 1.9-2.1 Ga K-Ar whole-rock ages (Condie and 
others, 1969b). Proterozoic(?) dikes in the Copper Mountain area are 
unmetamorphosed clinopyroxene-containing basalt in two sets, one north- to 
east-northeast-trending in the,eastern part of the area, the other northeast- 
trending in the south-central part of the area; they are presumed to be dated 
by the Merritt Pass numbers. Although no intersections are mapped between the 
ProterozoicC?) basalt and the next-older amphibolite dikes in the Copper
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Mountain area, the former cleanly cut the Archean granite that sent apophyses 
through the latter; the Proterozoic basalts are cut by cupriferous quartz 
veins (Hausel and others, 1985, pis. 1, 2, fig. 3).

The area known variously as eastern Owl Creek Mountains, southern Bighorn 
Mountains, or Badwater uplift contains two ages of mafic intrusives, some pre- 
2.75 Ga premetamorphic prefolding amphibolite sills, and younger but undated 
sparse discordant diabase dikes that are concentrated along the eastern border 
of the outcrop area (Card, 1969). Two sets of these diabase dikes are mapped 
in the northeast part of the area; one set trends northwest to west-northwest, 
the other northeast to north-northeast; no intersections are mapped between 
any dikes of the two sets. These dikes were intruded between Fj and F2 fold 
deformations (Wells, 1975).

Granite Mountains, Seminoe Mountains, Ferris Mountains, Casper Mountain, 
and northern Laramie Mountains

Two generations of Late Archean tholeiitic intrusives have been 
recognized in the Granite Mountains: 1) Unmapped discordant metaamphibolite 
and serpentinite that must have been emplaced prior to or during a 2.9 Ga 
regional metamorphism; these were followed by a 2.6 Ga granite; 2) Mapped 
northeast- or east-northeast-trending diabase dikes and nephrite veins 
emplaced shortly after intrusion of the 2.6 Ga granite. The younger diabase 
dikes have chill zones and can be traced for distances as great as 5 km. Some 
are fresh and unmetamorphosed while some are deuterically altered, but it is 
not known whether they are all of the same age (Peterman and others, 1971; 
Peterman and Hildreth, 1978; Stuckless and others, 1977, 1981; Stuckless and 
Peterman, 1977).

Several sets of undated mafic-ultramafic dikes as long as 2 km are 
present in the Archean rocks of the Seminoe and Ferris Mountains. Older (>2.7 
Ga) metagabbro sills and minor serpentinite are cut by a swarm of northeast- 
to east-trending dikes of diabase and "leopard rock" porphyritic gabbro in the 
Bradley Peak area (Bayley, 1968; Klein, 1982a, and b). The youngest 
Precambrian rock units in the area of Kortez Dam are north-northeast-trending 
partly altered diabase dikes (Dixon, 1982, 1988). Two sets of north- 
northwest- and north-northeast-trending Precambrian mafic dikes are present in 
the Ferris Mountains, an early set of fine-grained basalt and a later set of 
hornblende diorite or gabbro. The later dikes are more coarsely crystalline 
but are generally chloritized or saussuritized; some are cut by thin granite 
pegmatites (H.R. Dixon, 1984 written communication; M.W. Reynolds, 1985 
written communication).

Two or three main generations of indirectly dated mafic-ultramafic 
intrusives are recognized on Casper Mountain and in the northern Laramie 
Mountains to the east of Casper Mountain. On Casper Mountain there are 
thought to be two Archean generations and one Proterozoic one, as follows: 
1) Pre-amphibolite-grade metamorphism (pre 2.8 Ga?) mafic dikes and sills, now 
pods as long as 50 m; 2) Post-deformation pre-granite emplacement of, first, 
ultramafic magma, and, second, porphyritic diabase ("leopard rock"); a 2.4-2.6 
Ga granite was accompanied by a late stage of regional metamorphism, or a 
second lower-grade metamorphism; 3) Unmetamorphosed north-northeast- to-east- 
trending clinopyroxene-containing diabase, and rhyolite, dikes as long as 4 km 
(some post 1.6-1.7 Ga?); in some localities young diabase dikes cut across 
other diabase dikes (Burford and others, 1979; Eller and Friberg, 1982; Gable 
and Burford, 1982; Gable and others, 1988). Several generations of 
Precambrian mafic-ultramafic intrusives are mapped in the northern Laramie
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Mountains east of Casper Mountain: Older altered northeast- and northwest- to 
west-trending ultramafic rocks and metadiabases (some with garnet) are cut by 
northeast- to east-trending vertical locally-composite diabase dikes as long 
as 3 km (Gable, 1987; Johnson and Hills, 1976).

Summary

Mafic and ultramafic magmas representing melt samples of an inhomogeneous 
lower crust and upper mantle have been sparsely to voluminously intruded 
through the Archean core of western America throughout a span of Precambrian 
time representing half of the Earth's history. The greatest mass of the 
intruded magmas was tholeiitic basalt, now diabase of various types, whose 
time of intrusion was apparently spread out over the entire recorded 
Precambrian. More primitive tholeiites are represented in nearly all 
exposures and at all times while more differentiated alkalic olivine 
dolerites, quartz dolerites, or suites containing magmas as siliceous as 
quartz porphyry rhyolite are generally restricted to Middle and Late 
Proterozoic time mainly in northwesterly swarms near the southeastern and 
northwestern margins of the Archean craton. Plagioclase-porphyritic (leopard 
rock) diabases are present in many mountain ranges; the evidence shows that 
they are somewhat older than accompanying nonporphyritic diabases in the Wind 
River Range and central Laramie Mountains. Ultramafic intrusives form only 5 
percent or less of the mapped intrusives (none in the Belt basin), are 
temporally restricted to the older rocks, and may have been formed in a 
variety of ways: As oceanic or ophiolitic basement (Wind River Range), as 
liquid intrusives derived from depths (all ranges), as solid or semi-solid 
intrusives (locally in Wind River Range or Tobacco Root Mountains), as 
differentiates of noritic intrusives at the level where they eventually cooled 
(locally in the Black Hills, central Laramie Mountains, Park Range, and 
Beartooth Mountains). Ultramafic intrusives, particularly the older ones, 
frequently occupy more equant or lens-like bodies (although sheet-like 
ultramafic intrusives occur in the central Wind River Range and northern 
Bighorns) while the tholeiitic basalts invariably form single or multiple 
sheet-like bodies that, where the swarms are voluminous, may expand their 
country rocks as much as a third. A few plutons of batholith size occur, 
principally the Stillwater, Lake Owens, and Mullen Creek complexes, the 
Rendezvous Metagabbro, and the gabbro of Elkhorn Mountain. All of these, 
except the Rendezvous, have been postulated to have formed by multiple 
intrusion of a variety of magmatic liquids.

Unraveling the tectonic, metamorphic, and magmatic histories has just 
begun. Most dike swarms with consistent trend orientation would be considered 
by many as prima facie evidence for a preserved tensional environment. This 
might be disputed, however, where plutons and some dike swarms have been 
considered to be the underpinnings of former accreted volcanic arcs, as along 
the Cheyenne Belt at the southeast cratonic margin (Fig. 2). Further 
difficulties are introduced where trend patterns are more complex, as in the 
north and northwest parts of the Archean craton* Furthermore, the dated 
episodes of basaltic dike intrusion are interspersed throughout the area in 
complex fashion with repeated episodes of metamorphism, deformation, and the 
emplacement of synorogenic granitoid plutons, all of which are normally 
interpreted as synomous with compression or shearing* Even though ouch work 
remains to be done on precise radiometric geochronology in the Wyoming 
Province, it seems obvious that additional knowledge will help to understand 
its complex tectonic history, not simplify it.
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Correlation between times of dike intrusion in the Canadian Shield and 
the Wyoming Province is less than impressive (Fig. 6). The Grenville (575 
Ma), Franklin (750 Ma), Mackensie (1,220 Ma), Priessac (2,140 Ma), and 
Matachewan (2,600 Ma) dike swarms, which together account for four fifths of 
the shield dikes, are underrepresented or absent in the Wyoming Province, 
while dike events near 1.45 Ga or >2.65 Ga, important in Wyoming, are absent 
in Canada. What this means is that whatever it takes tectonically to generate 
a dike swarm was applied on a scale less than the size of present North 
America.
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Figure 6. Comparison of dated Precambrian mafic dike intervals in the 
Canadian Shield and Wyoming Province. For the Canadian Shield dike intervals 
height of bars is proportional to volume of dikes mapped, as derived from 
Fahrig and West (1986). For the Wyoming Province the same geologic time 
abscissa applies, but data are lacking for compiling a similar ordinate. 
Well-constrained Wyoming Province dike ages are shown with circles; less well- 
constrained ones are indicated with arrows, which are constrained at arrow 
hafts but unconstrained at arrow heads (see Figs. 1, 2, and text).
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